The three species Neisseria meningitidis, Neisseria gonorrheae, and Neisseria lactamica are often regarded as highly recombining bacteria. N. meningitidis has been considered a paradigmatic case of the "semiclonal model" or of "epidemic clonality," demonstrating occasional bouts of clonal propagation in an otherwise recombining species. In this model, occasional clonality generates linkage disequilibrium in the short term. In the long run, however, the effects of clonality are countered by recombination. We show that many data are at odds with this proposal and that N. meningitidis fits the criteria that we have proposed for predominant clonal evolution (PCE). We point out that (i) the proposed way to distinguish epidemic clonality from PCE may be faulty and (ii) the evidence of deep phylogenies by microarrays and whole-genome sequencing is at odds with the predictions of the semiclonal model. Last, we revisit the species status of N. meningitidis, N. gonorrheae, and N. lactamica in the light of the PCE model.
deep phylogeny | linkage disequilibrium | near-clade | molecular epidemiology | predominant clonal evolution T he clonality/sexuality controversy in microbiology has gone on for more than 35 y in bacteria (1, 2) as well as in parasitic protozoa (3) (4) (5) (6) . Early on, several instances of bacterial and parasitic species were removed from the clonal paradigm and instead were considered as "highly recombining" (5) . The controversy now can be reconsidered in the light of major results obtained with modern technologies, such as whole-genome sequencing (WGS), single nucleotide polymorphism analysis (SNP), microarrays, and megacomputing, which have made possible considerable advances in evolutionary biology, population genetics, and molecular epidemiology. We reconsider the issue of the population structure of Neisseria meningitidis in the light of these advances.
N. meningitidis and the "Epidemic Clonality" and "Semiclonal" Models The molecular epidemiology and population genetics of N. meningitidis, a major agent of meningitis, has received much attention. Thousands of strains have been characterized by various markers, including multilocus enzyme electrophoresis (MLEE), multilocus sequence analysis (MLST), random primed polymorphic DNA (RAPD), and WGS and SNP analysis (reviewed in ref. 7) . Pioneering MLEE studies showed that, although this pathogen has a drastically restricted ecological niche, infecting only humans, it exhibits considerable genetic diversity, suggesting that N. meningitidis undergoes extensive genetic recombination. However, the natural populations of this species consistently exhibit a strong linkage disequilibrium (LD), i.e., nonrandom association between genotypes at different loci (8) . To reconcile these two observations, which at first appear mutually inconsistent, Maynard Smith et al. (5) proposed the epidemic clonality model, which states that the species under study undergoes occasional bouts of clonal propagation in an otherwise recombining population structure. "Epidemic" clones, which are greatly favored by both positive and purging selection, are repeatedly represented in natural populations as repeated multilocus genotypes (MLGs), which bias LD tests, and obscure the general pattern of predominant recombination. Therefore, to distinguish epidemic clonality from "true" clonality, it has been proposed that the repeated MLGs be counted only once (5) . The disappearance of LD with such a counting method would be evidence that epidemic clonality is the cause of the LD. The semiclonal model (9) is similar: It states that recombination is obscured by epidemic clonality in the short term but deletes the effects of clonality in the long term. The population of N. meningitidis would appear as a highly diverse and freely recombining mixture of different genotypes, on which the epidemic clones are superimposed, as predicted by the epidemic model (10) .
The Predominant Clonal Evolution Model
We have proposed that "predominant clonal evolution" (PCE) be defined as "strongly restrained genetic recombination" (11) . This definition is used widely (5, 11) , including by many authors studying N. meningitidis (12) (13) (14) , although it is not accepted by all scientists working on pathogen population genetics (11) . Restrained recombination generates both a strong (i.e, statistically significant) LD and discrete, stable genetic subdivisions that can be clouded by occasional recombination/hybridization (nearclades). In contrast to the epidemic clonality/semiclonal model, PCE in the long run overcomes the effects of recombination, and the near-clades, which are distinct from cryptic, biological species (5), tend to separate from each other more and more. Within near-clades, PCE occurs and generates LD and lesser near-clades (the "Russian doll" pattern) (15) . Near-clades and Russian doll patterns are evidenced by (i) surveys over the whole ecogeographical range of the species, retrospective studies, and the analysis of ancient collections, which make it possible to ascertain their strong stability in space and time, and (ii) flexible phylogenetic analyses based on the "congruence principle" (16) , that is, as more reliable data are taken into account, the phylogenetic signal increases. This evidence shows that the species under study has passed a "clonality threshold." beyond which the effects of recombination are increasingly overcome and divergence among the near-clades becomes irreversible. Data based on the congruence principle can include (i) adding a higher number of gene fragments in MLST studies (phylogenies based on individual genes may show some discrepancies, but the phylogenetic signal increases when more genes are considered); (ii) comparisons of trees obtained from different software or phylogenetic trees obtained with nonphylogenetic methods to see whether these different approaches give convergent results; (iii) comparisons of data obtained from different genetic markers; and (iv) the use of approaches of great resolution power (WGS and SNPs) rather than methods with lower resolution (MLST). (It should be noted that the information obtained from WGS is several orders of magnitude greater than that obtained with MLST.) Last, unlike the semiclonal/epidemic clonality model, the PCE model proposes that restrained recombination is explained mainly by the built-in biological properties of the organism under consideration rather than by natural selection (although selection obviously impacts the pathogen's population structure). PCE comes about as the result of evolutionary strategies used by pathogens to avoid the "recombination load" [i.e., the disruption of favorable MLGs (17)]. The PCE concept includes not only mitotic reproduction ("strict clonality") (11) but also selfing/ inbreeding (18) , strong homogamy, several kinds of parthenogenesis (19) , and "unisex strategies" (20) .
Some Problems with the Semiclonal/Epidemic Clonality Model
Can Natural Selection Be the Main Process Accounting for Apparent Clonality? The maintenance of strong LD and of widespread, worldwide distributed clones and near-clades by natural selection (by host immune defense, among other possible causes) in an otherwise freely recombining species would imply that most possible MLGs are eliminated in every generation. Such widespread elimination could be the case for one or a few loci. However, the number of ad hoc selection explanations increases geometrically with the number of loci considered and would amount to a considerable genetic load (21, 22) . This enormous genetic load is why the maintenance of multilocus associations by natural selection, for example by immune selection (23) , is questionable (24) . It is worth noting that the population structure of Leishmania infantum, a parasitic protozoan, does not change in immunocompromised patients compared with immunocompetent ones (25) . Another problem with the selection hypothesis is that it hardly accounts for the consistent maintenance of the same genetic clones and near-clades throughout the world, in highly diversified ecological and host conditions. Bias in the Epidemic Clonality Approach. Separating epidemic clonality from true clonality by counting each repeated MLG only once relies on the working hypothesis that such repeated MLGs can be equated with epidemic clones (i.e., clones of recent origin). Such an approach is highly dependent on the level of resolution and molecular clock of the marker used. In the approach proposed in ref. 5 , the MLGs are electrophoretic types (ETs), i.e, MLEE MLGs. MLEE has a rather slow molecular clock. Therefore, the most recent common ancestor (MRCA) of each MLG could be very ancient. In the parasite L. infantum, the widespread MLEE MLG MON 1 (MON stands for the nomenclature established by the laboratory of parasitology in Montpellier, France) reveals high microsatellite diversity within it (26) . Each microsatellite MLG probably corresponds better to a more recent clone than MON 1, which could have a very ancient MRCA. The same situation obtains with N. meningitidis: The antigen sequence-typing MLGs (finetypes) show a much greater diversity than the ETs (14) . Therefore, individual finetypes or MLGS characterized by any other marker of highresolution power should correspond much better than the ETs to recent clones and should be used for the analysis proposed in ref. 5 . It might well be the case that ETs and "sequence types" (STs, i.e., MLST MLGs) might not correspond to recent clones and might have an ancient MRCA. In such cases, the approach proposed in ref. 5 would be strongly biased, with the drawback of considerably lowering sample sizes and hence the power of the statistical tests of LD, leading to a risk of statistical type II error (22) . It has been argued that, because this bacterium is highly recombining, STs in N. meningitidis must have a very recent origin (10) . This could be the case. However, the recombination rate in N. meningitidis is the very question under concern.
N. meningitidis Data: Which Model Fits Better? As we have proposed (11) , the population genetics data of N. meningitidis fit the PCE model very well. This observation does not mean that this bacterium does not undergo frequent recombination or that the strength of PCE is the same as in other species such as Staphylococcus aureus (10) . However, the data support the view that N. meningitidis is beyond the clonality threshold.
Some results are consistent with both semiclonality/epidemic clonality and PCE, although they fit the latter better. Other data definitely are at odds with the former.
LD and Widespread MLGs. A logical consequence of LD is the spread of ubiquitous, stable MLGs that are overrepresented under panmictic expectations (3, 4, 11, 21, 22, 27) . Both LD and widespread MLGs are very frequently observed in N. meningitidis.
Strains of N. meningitidis are classified by serological typing based on antigenic properties of the capsular polysaccharide, which identifies the serogroup (7). Remarkably, N. meningitidis exhibits a strong association (LD) between antigen diversity/ capsular serogroups and MLGs evidenced by MLEE/MLST (7, 14, (28) (29) (30) . This association has been taken as evidence that recombination is frequent in this species, because the core genome and the dispensable genome (which drives antigen diversity) would not have had time to diverge (10). However, this strong LD between genotype and phenotype also can be taken as clear evidence for clonality (11, 27) and is one of the most relevant predictions of the PCE model. LD between genetic markers is strong in all N. meningitidis populations surveyed. It has been verified in 84 N. meningitidis serogroup A strains by MLEE, MLST, and RAPD (31) . It is worth noting that (i) MLEE and MLST data are not redundant in this study, because different loci were analyzed for these two markers, and (ii) this LD cannot be attributed to epidemic clonality, even with the criteria presented in ref. 5 , because this study considered only strains with different genotypes. There also is a strong parity between MLST diversity on one hand and the data revealed by microarrays (29, 32) and WGS (12) on the other hand. In contrast to the sample surveyed in ref. 31 , these data concern strains from diversified serogroups, not only from the serogroup A.
Widespread, Overrepresented MLGs. Many examples of N. meningitidis MLGs that spread over continents and persist for decades are available (13, 14, 28, 32) . For example, ET 19 has been sampled from 1967-1983 in 14 different countries and several continents, and ET 48 has been recorded from 1969-1989 in eight different countries (30) . Earlier studies (8) make it possible to confirm the endurance of N. meningitidis MLGs.
These results, although they perfectly fit the PCE expectations, are in general compatible with semi/epidemic clonality. However, the data presented in ref. 31 are not. Moreover, as noted above, if natural selection is mainly responsible for the spread and persistence of these clonal genotypes in an otherwise quasi-panmictic species (5), it would be surprising that natural selection would favor the same MLGs in such different ecosystems, places, clinical contexts, and host environments. Last, the permanency of some MLGs (30) obviously poses the question of what is an epidemic, "ephemeral" clone.
Near-Clades, Russian Dolls, and Deep Phylogenies. Near-clades correspond to imperfectly separated phylogenetic lines among which occasional recombination/hybridization may occur (11) . We have shown that structures that fit the near-clade concept are observed in many pathogen species, including viruses, bacteria, parasitic protozoa, and fungi (11) . The durable and widespread genetic clusters (clonal complexes-CCs-evidenced by MLST) recorded in N. meningitidis can be equated to near-clades (11) . The term clade, although it is used in the case of N. meningitidis (12, 33) , should be dismissed, since recombination is supposedly frequent. N. meningitidis near-clades are corroborated by MLST and MLEE (34) . They are linked to pathogenicity and serogroups (7). They can persist for much longer than decades, since the ST1 complex (i.e., MLEE subgroup I/II) has been recorded in Russia and China from 1930-2007, and the ST4 complex (i.e., MLEE subgroup IV) has been observed in Gambia from 1917-1992 (7). Extended MLST with 20 loci corroborates the CCs evidenced with the classical MLST relying on seven loci (35) . The CC structure is unexpected from extensive recombination, even in carriage strains (9) , despite the classical notion that carriage strains are highly diverse, whereas pathogenic strains are characterized by the spread of hyperinvasive clones (7) . The persistence of CC structure is confirmed by long-term MLEE studies dealing with a high number of both carriage and pathogenic strains and several different serotypes. The MLEE subgroups (i.e., near-clades) are not linked to either geographical distance or time. They are associated with antigenic reactivity, by monoclonal antibodies, to conserved pilin epitopes and class 1 outer membrane protein (30) . A strong population structure revealing the existence of two major groups has been uncovered by microarrays and has been confirmed by two independent studies dealing with different places, different times, and different strain samplings. Both studies comprise carriage as well as pathogenic strains and include several serogroups. The two major groups corroborate the CCs and are linked to serogroups. The first study (32) deals with strains collected from 1962-2002 in several different countries. The second (29) concerns 13 pathogenic strains and 16 carriage strains of six different serogroups, collected from 1983-2002 in Gambia, Germany, the United Kingdom, and the United States. Both studies uncover the same population structure, namely eight "genome groups" distributed into two main groups, with a fine correspondence with CC diversity. In 84 serogroup A strains, two genetic groups (near-clades) are corroborated by MLEE, RAPD, and MLST.
These results cannot be explained by a Wahlund effect (separation by either space or time or both) (31) . Last, a WGS analysis dealing with 22 strains pertaining to five serogroups collected in five different continents has revealed the existence of three distinct "phylogenetic clades" (i.e., near-clades, each comprising several CCs) (Fig. 1) (12) .
The results just reviewed show several examples of Russian doll patterns, i.e., PCE features both at the level of the whole species and also within each of the near-clades that subdivide it (15) . The two near-clades corroborated by MLEE, RAPD, and MLST in 84 serogroup A strains (31) each exhibit a strong LD evidenced in particular by a high correlation between the genetic distances inferred from the three genetic markers. This condition shows that these two near-clades each undergo PCE and hence cannot be equated with cryptic biological species. In the two microarray studies (29, 32) , the two main genetic groups are further distributed into eight lesser genome groups. This sample corresponds to 22 different CCs that correspond to the genome groups. This pattern corresponds to two main near-clades with eight smaller near-clades and 22 even smaller near-clades. Last, the three phylogenetic groups revealed by WGS corroborate the CCs, and each of these phylogenetic groups comprises several CCs (12) . As for LD and the existence of widespread genotypes, some of these features are still compatible with the semi/epidemic clonality model, which predicts that some CCs may be widespread and persist for decades. However, (i) the persistence of some near-clades since 1917 and 1930 (7) far exceeds this duration; (ii) again, it would not be expected that the survival of the same CCs would be maintained mainly by natural selection for so long and in so many different environments; (iii) the two near-clades revealed within 83 serogroup A strains (31) do not fit the epidemic clonality model, because a strong LD persists within each of them, although no repeated genotypes are recorded in this sample. More importantly, the two microarray studies (29, 32) , which are not limited to the serogroup A and which include both carriage and pathogenic strains, do evidence a strong and persistent population structure. Such a structure based on so many different markers strongly suggests the existence of deep phylogenies. This finding is definitely corroborated by the WGS study (12) , which reveals the presence of three phylogenetic clades in a sample comprising several serogroups. The three clades, which are associated with specific restriction modification systems, corroborate the CC classification (12) . However, WGS reveals the existence of deep phylogenies that could not be evidenced by the classical MLST approach. In summary, although some features of the N. meningitidis population are compatible with the semi/epidemic clonality model, others (i.e., persistent LD even when repeated genotypes are absent and the presence of deep phylogenies) definitely imply that, on the whole, the data including both carriage and pathogenic strains and for various serogroups better fit the PCE model. The semi/epidemic clonality model predicts that, in the long term, recombination should erase the effects of clonality, but that prediction is challenged by the existence of deep phylogenies in N. meningitidis. The PCE model states, to the contrary, that, beyond a clonality threshold, PCE will overcome the impact of recombination.
The hypothesis of frequent recombination in N. meningitidis has been inferred mostly from the traditional index calculated by the rate of recombination over the rate of mutation (r/m) (14, 36) . It is thought that a population will be panmictic if r ≥ m × 20 (37) . However, the reliability of this index is questionable, because it may vary greatly among studies (35) . For example, in Streptococcus pneumoniae the r/m has been estimated at 66 by MLST (38) but at 7.2 by WGS (39) .
Is the Population Structure of N. meningitidis Better Explained by Predominant Natural Selection or by Built-In Properties?
The hypothesis that epidemic clonality in N. meningitidis is mainly the result of natural selection is pervasive (7, 13, 14, 28, 34) . Natural selection would play the role of an "invisible hand," able to maintain the same population structure, ubiquitous genotypes, and genetic subdivisions over continents for much longer than decades and in totally different ecogeographical and host environments, but at the cost of eliminating most of the possible genotypes in every generation (21, 22) . This hypothesis, which is already debatable when semi/epidemic clonality is concerned, can hardly account for PCE features, in particular the presence of deep phylogenies (12) . It should be noted that in the case of N. meningitidis the classical panselectionist hypothesis has been challenged by several authors (12, 35, 40) .
We have long advanced the view that PCE in pathogens is not a "passive" feature, explainable by environmental parameters that would filter downstream many, if not most, possible MLGs. Instead, we have argued that recombination is restrained upstream by intrinsic biological properties of pathogens (11, 18) . Restrained recombination makes it possible for pathogens to escape the recombinational load (17) and could be governed by sexuality/clonality machinery working as a diallelic system (11) . Such double machinery, governing either parthenogenesis or outcrossing has been inferred for the cladoceran Daphnia pulex (41) . We have hypothesized that in pathogens such double machinery could be ancestral. It is worth noting that in the parasitic protozoan Giardia intestinalis the meiotic machinery is similar to that of higher eukaryotes and is homologous to bacterial genes used for DNA repair (42) . Several authors have proposed that the main function of recombination is DNA repair rather than the generation of new MLGs (43, 44) . In N. meningitidis, many data are consistent with the hypothesis that this bacterium possesses built-in mechanisms that favor genetic exchange between closely related or identical genotypes (selfing) and that inhibit outcrossing. In this way, N. meningitidis is able both to repair its DNA and avoid recombinational load. Restriction systems are different in different CCs and phylogenetic clades, which favors selfing and "invisible sex," and inhibits outcrossing (12, 44) . The distribution of DNA uptake sequences in the N. meningitidis genome suggests that the main role of transformation in this bacterium is to favor genome stability rather than to generate new MLGs (12, 13) . These two features-restriction systems that are specific to CCs and clades and the specific distribution of DNA uptake sequences-suggest that this bacterium does have built-in mechanisms that favor restrained recombination and do not support the hypothesis (7) that PCE is mainly or exclusively explained by natural selection.
It is probable that natural selection plays an important role in N. meningitidis population structure. However, the data surveyed above show that this bacterium possesses built-in mechanisms that are perfectly able to lead to a PCE pattern, either through mitotic clonality or clonality by selfing.
N. meningitidis, N. gonorrheae, and N. lactamica Species Definition: Contribution of the PCE Model The PCE model makes it possible to adapt the phylogenetic species concept (45) to pathogens. Because bacterial populations always undergo some recombination, even between phylogenetically distant lines, it is impossible to describe species on a strict clade concept. The near-clades, however, are based on a clearly defined evolutionary concept in which the strict cladistic demands are relaxed.
Two cases can be taken into account. In one case, the nearclade concept provides a convenient background for describing new species, if specialists of the field find it useful [e.g., for the "assemblages" (i.e., near-clades) that subdivide the population structure of G. intestinalis (46) ]. Alternatively, already described pathogen species can be equated to near-clades from an evolutionary point of view, as is the case for the three species N. meningitidis, N. gonorrhoeae, and N. lactamica. These species are clearly differentiated by MLST, but some recombination occurs among them (47) (48) (49) . Therefore they can be seen as a set of Russian doll near-clades. The distinction of the three species is medically relevant, because their ecology and pathogenicity are quite different. Therefore they fit the phenotypic species concept. Their correspondence to near-clades (not true clades) also makes it possible to support their species status in the framework of the phylogenetic species concept (45).
Semantic Clarification
As we have pointed out repeatedly (11, 15, 46) , the genetic literature dealing with the pathogen population is littered with an incredible inflation of terms, all of which most probably are synonymous with "near-clades." In the N. meningitidis literature, the terms "clade" (12, 31), "clonal complex" (7, 10, 50) , "cluster" (48, 49) , "genome group" (29) , "lineage" (28), "semi-discrete lineage" (14) , and "subgroup" (34) are equivalent to near-clades from an evolutionary point of view. It would seem desirable to clean up this confusing terminology, because there is no reason, other than tradition, to give different names to similar evolutionary entities.
Conclusion
The PCE model makes it possible to reconsider the issues of N. meningitidis population structure and of species definition in the N. meningitidis complex of species. MLST has made a considerable contribution to this field of research. However, it has limitations, as does any molecular tool. WGS analysis has shown that N. meningitidis exhibits deep phylogeny (12) , challenging the MLST results (14, 35, 50) . In the future, as new technologies such as microarrays, WGS, and SNP analysis become increasingly routine, their contributions probably will revise the population genetics of N. meningitidis and other pathogens.
